We examine how viscoelasticity affects early stage spinodal decomposition in polymer solutions and blends when fluctuations of the stress and the composition are coupled in dynamics. The coupling is increased with increasing asymmetry between the two components. We introduce a long viscoelastic length ve within which the stress relaxation governs the composition relaxation. It can be of the order of the tube length in the reptation theory in strongly asymmetric polymer blends. For shallow quenching phase separation proceeds on time scales slower than the stress relaxation time and the kinetic coefficient depends on the wave number q as q Ϫ2 for q ve Ͼ1. On the other hand, for deep quenching phase separation takes place as in gels on time scales faster than . We describe the crossover between these two cases by assuming a single stress relaxation time. © 1997 American Institute of Physics. ͓S0021-9606͑97͒50113-9͔
I. INTRODUCTION
Recently a great number of phase separation experiments have been performed on polymer solutions 1 and blends, 2, 3 where phase separation occurs on much slower time scales and much longer spatial scales than in usual fluids with low molecular weights. Theories [4] [5] [6] [7] [8] [9] [10] [11] predicted that, if we are interested in processes on spatial scales longer than the gyration radius, characteristic features of spinodal decomposition remain the same as those derived from simple dynamic models for usual fluids. However, some experiments have revealed unusual effects presumably ascribable to viscoelasticity peculiar to polymers. In an asymmetric blend of PVME/d-PS, Schwahn et al. 12 found that the Onsager kinetic coefficient L(q) observed in early stage spinodal decomposition strongly depends on the wave number q as L(q)/L(0)ϳq Ϫ2 for qտR 0 Ϫ1 with R 0 ϭ1070A. This value of R 0 was five to seven times larger than the gyration radius R g , while Pincus 5 predicted the same q dependence but with R 0 ϭR g for symmetric (N 1 ϭN 2 ) polymer blends by examining one chain motion in a tube in the reptation theory. In a more symmetric blend of d-PS/PS Muller et al. 13 still obtained R 0 /R g ϳ2. In these blends they also observed nonexponential relaxation of the dynamic structure factor in one phase states, suggesting significant viscoelastic effects on the composition relaxation in the systems. Similar observation of R 0 /R g ϳ2 was also made for a blend of d-PB/PB by Jinnai et al. 14 We believe that this effect stems from collective diffusion among the two components which takes place to achieve viscoelastic stress balance. 15 The range of this correlated motion extends over a long viscoelastic length ve and should be identified with the observed R 0 in L(q). 16, 17 Such motion indicates the presence of a dynamical coupling between stress and diffusion. Although its relevance to various effects has begun to be recognized rather recently, it is now established that it causes shear-induced phase separation in polymer solutions, [18] [19] [20] [21] [22] [23] [24] [25] nonexponential decay in dynamic scattering near equilibrium, 15, 16, 26 and polymer migration towards the center in a capillary flow. 15 The aims of this paper are first to explain the effects of the dynamical coupling in early stage phase separation to explain the above experiments and second to propose more systematic experiments to detect viscoelastic effects unique to polymer solutions and asymmetric blends. We shall see that such asymmetry in blends arises from differences in the chain lengths and the monomer friction coefficients of the two polymers. This paper extends results of a short previous paper in this direction by one of the present authors. 16 We also mention formation of sponge-like network structures composed of thin polymer-rich regions in late stage spinodal decomposition of deeply quenched polymer solutions. It has been studied particularly in detail by Tanaka, 27 while such patterns were already reported by Aubert and by Song and Torkelson. 1 Tanaka subsequently observed the same network formation in a polymer blend in which one phase is close to its glass transition. 28 Therefore, the network formation is a general aspect of binary mixtures where the two components have very different viscoelastic properties. Analytic theory on such highly nonlinear effects is very difficult, so we have recently performed computer simulations as reported in another paper. 29 There, we have reproduced the pattern by solving a viscoelastic timedependent Ginzburg-Landau model which takes account of the dynamical coupling.
The organization of this paper is as follows. In Section II we show that the dynamical coupling is generally present when the network stress acts on the two components asymmetrically or the stress division is asymmetric. In Section III we linearize the dynamic model and examine its implications, where we introduce the viscoelastic length ve and also discuss the dynamic structure factor in the presence of viscoelasticity. In Section IV we examine the growth of the composition fluctuations in unstable temperature regions in polymer solutions and blends when the composition and the stress are coupled.
II. DYNAMICAL COUPLING BETWEEN STRESS AND DIFFUSION
We consider two component viscoelastic fluids where the stress relaxation time is very long and a large stress is produced even against small deformations. It will be called the network stress even when it arises from entanglement with finite lifetimes. If the time scale of deformations is shorter than , the system behaves as a soft elastic body. On the other hand, if it is slower than , we have a highly viscous fluid. It is then of great importance how the stress can influence spatial inhomogeneities of the composition in various situations.
A. Two-fluid dynamics
To illustrate the concept of the dynamical coupling, let us consider a simple two fluid model of a very viscous two component system. 15, 16, [21] [22] [23] [24] [25] 30 The mass densities, 1 and 2 , of the two components are convected by their velocities, v 1 and v 2 , as
where Kϭ1,2. The total density ϭ 1 ϩ 2 obeys the usual continuity equation,
where the average velocity v is defined by
The equations of motion for the two components are
͑2.5͒
Here we consider only very slow motion and neglect temperature inhomogeneities. The 1 and 2 are appropriately defined chemical potentials and is the friction coefficient between the two components. The F 1 and F 2 are the force densities arising from the network stress and the background viscosity. Their sum is related to the divergence of the total stress tensor ⌸ I t and appears in the equation for the momen-
If we assume that the network stress J is dominant over the stress due to the background viscosity, we have
Note that the contribution of the network to ⌸ I t is Ϫ J with the minus sign in our notation. From ͑2.4͒ and ͑2.5͒ the relative velocity wϭv 1 Ϫv 2 is governed by ‫ץ‬ ‫ץ‬t
͑2.8͒
If we are interested in slow motion whose characteristic frequencies are much slower than (1/ 1 ϩ1/ 2 ), we may set ‫ץ‬w/‫ץ‬tϭo in ͑2.8͒ to obtain
͑2.9͒
Now we need to know how the network stress is divided between the two components. We may consider three cases. As the simplest case, when the two components are nearly the same, we have a trivial stress division,
͑2.10͒
In this case we find the usual relation w ϰϪ ٌ( 1 Ϫ 2 ) valid for fluid binary mixtures with low molecular weights.
B. Polymer solutions and gels
In polymer solutions and gels, the network, which is either transient or permanent, gives rise to large stress acting directly on polymer chains, so that it follows a one-sided stress division,
where the solvent viscosity is neglected. Here the subscript 1 denotes the quantities of polymer and the subscript 2 denotes those of solvent. The relative velocity w becomes
We find that imbalance of the network stress (ٌ• J o) leads to relative motion between polymer and solvent. This form of w was originally proposed by Tanaka et al. 31 for polymer gels, where the network is permanent and the coupling is rather obvious, to analyze dynamic light scattering. Recently Helfand and Fredrickson 21 used the above form for w for polymer solutions to predict shear-induced composition fluctuations above the coexistence curve. Wittmann and Fredrickson 32 afterwards presented a formal theory using the projection operator method to claim that the dynamical coupling arises even on the basis of the Rouse dynamics without entanglement.
C. Polymer blends
For entangled polymer blends consisting of two kinds of polymer chains, an intermediate division 15 has been proposed in the reptation scheme, 33 ,34
where ␣ 1 ϩ␣ 2 ϭ1. We introduce a dynamical asymmetry parameter ␣ by
in terms of which ͑2.9͒ becomes
For simplicity we are assuming that the two polymers have the same monomer size b and the same monomer number N e between two consecutive entanglement points and that they obey reptation dynamics moving in common tubes with diameters of order N e 1/2 b. 34 Using the polymerization indices N 1 and N 2 and the volume fractions 1 and 2 , ␣ may be expressed as
͑2.16͒
Here 01 and 02 are the friction constants of the monomers of the two polymers and can generally be different in our theory even if the common values of b and N e are assumed. So the dynamical coupling can arise even for N 1 ХN 2 . In particular, the trivial stress division ͑2.10͒ or ␣ϭ0 follows for N 1 01 ϭN 2 02 , while the one-sided division ͑2.11͒ or the limit of polymer solutions follows for N 1 01 ӷN 2 02 and N 1 01 1 ӷN 2 02 2 . In addition, the reptation theory leads to the expression of the friction coefficient in ͑2.4͒ and ͑2.5͒,
ͪ .
͑2.17͒
We note that ͑2.15͒ and ͑2.17͒ yield the well-established expression for the mutual diffusion coefficient 11, [35] [36] [37] 
between two entangled polymers, where f is the free energy density. On the second line we have used the Flory-Huggins free energy, 33 being the interaction parameter, and D 1 ϰ N e /N 1 2 01 and D 2 ϰ N e /N 2 2 02 are the diffusion constants of single chains obeying reptation dynamics. 34 In our theory D m is the diffusion constant governing only large scale composition fluctuations with wavelengths larger than a viscoelastic length ve to be introduced below in ͑3.15͒ or ͑4.17͒. Namely, the diffusion description is not valid on spatial scales shorter than ve .
Although 01 and 02 are assumed to be the same in Ref. 15 for simplicity, we will even have 01 ӷ 02 if the first component is close to its glass transition ͑where should sensitively depend on as a -dependent glass transition temperature is approached 38 ͒. In such a case, the one-sided stress division ͑2.11͒ or ␣Х1/ will hold unless the first component is dilute. As another situation, if only the first component is entangled and the second component is not entangled, the one-sided stress division ␣Х1/ 1 follows and the friction constant is determined by the second component as Х 2 02 if both 1 and 2 are not very small.
D. Tube velocity
We then introduce a tube velocity v T as in Ref. 15 by
which is an average velocity of the entanglement structure. It is equal to the polymer velocity for polymer solutions. This concept was first introduced by Brochard. 37 The network stress is determined by the gradient tensor of v T . For example, for motions slower than the stress relaxation time , the network stress is expressed as
where () is the viscosity of the mixture dependent on . Note that ٌ•v T is nonvanishing when diffusion is taking place. In fact, for small deviations we have
͑2.21͒
It is not trivial what velocity appears in the constitutive relation ͑2.20͒. For polymer solutions Doi 30 first stated that the polymer velocity v p should appear.
III. COUPLED EQUATIONS OF COMPOSITION AND STRESS

A. Linearized dynamic equations
For simplicity we assume that the mass densities of the pure components are the same and the fluid is incompressible. Then the mass composition 1 / and the volume fraction of the first component coincide. For the average velocity vϭv 1 ϩ(1Ϫ)v 2 we may assume the incompressibility condition ٌ•vϭ0. Because is convected by
where
is the kinetic coefficient and ( 1 Ϫ 2 ) is replaced by ␦F/␦, F being the free energy functional, in the GinzburgLandau scheme. We then assume that small deviations are produced in a homogeneous state without macroscopic flow.
To linear order the Fourier component of the deviation ␦ obeys ‫ץ‬ ‫ץ‬t q ϭϪ⌫ϪL␣Z q , ͑3.3͒
is the decay rate in the absence of the viscoelastic coupling, Z q is the Fourier transformation of
and we have set
The stress is determined by the tube velocity v T . To make the simplest theory we assume that the network stress is traceless,
and obeys 39 ‫ץ‬ ‫ץ‬t
Here G() is the shear modulus and () is the relaxation time of shear stress assumed to be very long and strongly dependent on . However, the assumption ͑3.7͒ is problematic because the diagonal part d ϭ ͚ j j j /3 will also relax slowly with a long relaxation time l in general. Our treatment is allowable for ӷ l . We note that generalization to take account of such a slow relaxation of d can be important in many systems such as gels and fluids near glass transition, so it is a problem in the future. Now by linearizing our simplified equation ͑3.8͒ and using ͑2.21͒ we obtain
for small deviations around a homogeneous state.
To show the physical meaning of ͑3.8͒, let us consider a weak, homogeneous, and stationary flow, for which ͑3.8͒ is solved to give ͑2.20͒ with the Newtonian viscosity ϭG.
͑3.10͒
More generally, in weak, homogeneous, and oscillatory shear flow, the frequency-dependent complex viscosity is obtained as *͑͒ϭ/͑1ϩi͒,
͑3.11͒
which is the well-known formula for the Maxwell model. 39 For rapid motions, on the other hand, our system behaves as a gel and
͑3.12͒
where u T is the time integral of v T and has the meaning of the displacement of the network. Now we have the coupled equations for q and Z q . If ͑3.9͒ is integrated and Z q (t) is removed, we obtain a dynamic equation of q (t) in a time-convolution form,
LGq
where we have assumed Z q (0)ϭ0 for simplicity. This equation is of the same form as that proposed by Binder et al. 40 They assumed that the chemical potential of the composition depends linearly on a slowly relaxing, scalar variable. Their equations are different from ours in nonlinear regimes. Jäckle and Pieroth examined in more detail the dynamics for general coupling between the order parameter and a slow scalar variable.
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B. Viscoelastic length and gel-like behavior
Obviously there are two limiting cases. When the time scale of q is slower than , we may set ‫ץ‬Z q (t)/‫ץ‬tϭ0 in ͑3.9͒ or ‫ץ‬ q (tЈ)/‫ץ‬tЈϭ‫ץ‬ q (t)/‫ץ‬t in ͑3.13͒. The resultant effect is very simple; 15, 16 the kinetic coefficient is modified as
where ve is a viscoelastic length defied by
͑3.15͒
The effective decay rate of q (t) is then
This change of the kinetic coefficient follows even for general stress relaxation if is taken to be the longest relaxation time. We shall see that ve is very long in the presence of entanglement as will be shown explicitly in ͑4.15͒ and ͑4.17͒ below. As a result, there can be a sizable wave number region in which ve Ϫ1 ӶqӶ Ϫ1 ϭ(͉r 0 ͉/C) 1/2 , where is the thermal correlation length for r 0 Ͼ0. There, the stress relaxation decelerates the composition relaxation as
where ⌫ ϭLC Ϫ4 is the composition decay rate at qϳ Ϫ1 in the absence of the dynamic coupling. Here we should not forget to require ͉⌫ eff (q)͉Ӷ1/ as the self-consistency condition. So we introduce a parameter ⑀ by
͑3.18͒
If ⑀Ӷ1, the above condition is satisfied in the wide region qӶ␣(G/C) 
, where L eff (q)ХL and ͑3.17͒ holds in no region of q.
In the opposite limit ӷ1/⌫ q , the system behaves as a gel and the composition decay rate is given by
͑3.19͒
This was first proposed by Tanaka et al. 31 for polymer gels in which r 0 ϭK os / 2 and ␣ϭ1/, K os being the osmotic modulus. They measured the diffusion constant of gels,
by dynamic light scattering. From this expression we can easily conclude that spinodal decomposition, which takes place for r 0 Ͻ0, should proceed on time scales longer than if r 0 ϩ 4 3 ␣ 2 GϾ0 ͑or ⑀Ͻ1). This aspect will be discussed in Section IV.
C. Dynamic scattering
General solutions of ͑3.3͒ and ͑3.9͒ are expressed as ␦͑t͒ϭA 1 exp͑Ϫ⍀ 1 t ͒ϩA 2 exp͑Ϫ⍀ 2 t ͒,
͑3.21͒
where ⍀ 1 and ⍀ 2 are the roots of
and A 1 and A 2 are constants determined from ␦(0) and ␦Z(0). We notice that the coupling between the two variables becomes weak leading to ⍀Х⌫ q ,1/ at long wavelengths, q ve Ͻ1, where ve is defined by ͑3.15͒. We may further add thermal random source terms on the right hand sides of ͑3.3͒ and ͑3.9͒. By imposing the fluctuation-dissipation relations, we may calculate the time correlation function for the composition fluctuations in onephase states (r 0 Ͼ0) in the incompressible limit,
͑3.23͒
In our model its Laplace transformation is expressed as
͑3.24͒
where *() is the frequency-dependent complex viscosity given by ͑3.9͒ and is the zero-frequency viscosity given by ͑3.10͒. As a result S q (t) decays with the two relaxation rates, ⍀ 1 and ⍀ 2 , as [42] [43] [44] [45] S q ͑t͒/S q ͑0͒ϭ 1 exp͑Ϫ⍀ 1 t ͒ϩ 2 exp͑Ϫ⍀ 2 t ͒, ͑3.25͒ where 1 ϩ 2 ϭ1. This form of the dynamic structure factor was first proposed by Brochard and de Gennes 42 as an interpolation formula between gels and solutions. Their theory is consistent with the one-sided stress division ͑2.11͒. We note that the decay is single-exponential for ␣ϭ0 ͑without the dynamical coupling͒. In particular, if ⌫ q ӷ1/ ͑which is frequently the case in dynamic light scattering experiments͒, some calculations yield
where ⌫ gel (q) is defined by ͑3.19͒ and
We furthermore assume qӶ Ϫ1 to find
where D gel is defined by ͑3.20͒. We note that ⍀ 2 becomes independent of q as q→0, but its limiting value is smaller than 1/ by ⑀/(1ϩ⑀). 
IV. SPINODAL DECOMPOSITION
When the temperature coefficient r 0 ͑or the osmotic modulus K os in polymer solutions͒ is negative, one phase states become unstable and spinodal decomposition takes place even in the presence of viscoelasticity. This is because ͑3.22͒ gives a negative solution ⍀ 1 for r 0 Ͻ0 at long wavelengths. Its absolute value ͉⍀ 1 ͉ is the linear growth rate of the fluctuations in the early stage spinodal decomposition. For polymer blends we introduce the Flory-Huggins free energy,
͑4.1͒
where v 0 is the volume occupied by one monomer and is the so-called interaction parameter dependent on the temperature T. In the gradient term the coefficient C may be determined using the random phase approximation 33 as
where b is the monomer size. Then the parameter r 0 in ͑3.6͒ is expressed as
͑4.3͒
The polymer solution case is obtained by setting N 1 ϭN and N 2 ϭ1.
We assume that the coupling strength ␣ is not small.
Then we introduce a length l by l Ϫ2 ϭ4G␣ 2 /3C.
͑4.4͒
For r 0 Ͻ0 the parameter ⑀ defined by ͑3.18͒ becomes
which represents the depth of quenching. The length ϭ(͉r 0 ͉/C) Ϫ1/2 is the range of the thermal fluctuations. The peak wave number in the structure factor in spinodal decomposition is given by Ϫ1 /2 1/2 in the early stage in the absence of viscoelasticity. As a characteristic frequency of the composition relaxation on the scale of l , we introduce
͑4.6͒
The stress relaxation rate 1/ and the growth rate ͉⍀ 1 ͉ will be scaled by
From the definition of l , ͑4.4͒, we notice ve 2 /l 2 ϭ1/␥ or ve ϭ␥ Ϫ1/2 l .
͑4.8͒
We will assume ␥ Ӷ 1 or equivalently ve ӷ l . The equation 
͑4.10͒
The upper limit of x is required to ensure the existence of a positive R.
A. Polymer solutions
First we limit ourselves to semidilute polymer solutions, 33 where
c ϭN Ϫ1/2 being the critical volume fraction. The FloryHuggins free energy is simplified as
The parameter r 0 is related to the osmotic modulus K os by
The spinodal curve K os ϭ0 is given by K os ϭ0, which is 2Ϫ1Х for ӷ c . The friction coefficient is of the following order
where 0 is the solvent viscosity. Furthermore, because ␣ϭ1/, the viscoelastic length is estimated as
which is much longer than the blob size b ϳb/ in semidilute theta solvents. For semidilute solutions with good solvent this length was first introduced by de Gennes and Brochard 48 by ve ϭ(D co )
, where D co ϳk B T/6 0 is the cooperative diffusion constant, being the correlation length (ϳ the blob size͒. Their definition indicates that the diffusion is faster than the stress relaxation on spatial scales shorter than ve . Milner 5 noticed importance of this length in the problem of shear-induced phase separation. On the other hand, the length l is given by l ϭ(4C/3G)
. If we assume the simple scaling result G ϰ 3 , we find that l is on the order of ϳb/. However, some authors claimed that G depends on somewhat differently as G ϰ 2 in Ref. 42 or G ϰ 7/3 . 49 The depth of the quenching is represented by the ratio of the osmotic modulus to the shear modulus as ⑀ϭϪ3K os /4G.
͑4.16͒
It is known that K os /G is of order 1 in theta solvents above the coexistence curve, whereas it is much smaller than 1 in good solvents.
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B. Polymer blends
As shown in Ref. 15 the viscoelastic length ve defined by ͑3.15͒ can be at most on the order of the tube length in the reptation theory. In fact, if use is made of ͑2.16͒, ͑2.17͒, and ͑3.2͒, we obtain ve 2 ϭ 4 3
where 1 ϭ and 2 ϭ1Ϫ. In particular, if the first component is much more viscous ͑due to larger values of the polymerization index or the friction coefficient͒ than the second component and is not dilute, we may have 
C. Three regimes of quenching
We examine ͑4.9͒ and seek the maximum R m of R at xϭx m as a function of x. The peak wave number and the maximum growth rate in the original units are expressed as
respectively. In Fig. 1 we show R as a function of x for several ⑀ at ␥ϭ1/⌫ l ϭ10 Ϫ3 . We can see that R is much suppressed for ⑀Շ1 as compared to the usual form Rϭ(⑀Ϫx)x for ␥ϭϱ or without the dynamical coupling. We display R m in Fig. 2 and x m in Fig. 3 as functions of 1/␥ and ⑀. For 1/␥ӷ1 and ⑀Շ1 they are much smaller than in the case ␥տ1. In Fig. 2 the curve determined by R m ϭ␥ ͑or ⌫ m ϭ1/) is written on the surface of R m . The growth rate exceeds the stress relaxation rate or R m Ͼ␥ only in the gel region given by ␥Ӷ1 and ⑀տ1 as will be discussed below. In the following we give analytic results for three typical cases. Figure 4 shows how R is decreased from the usual form Rϭ(⑀Ϫx)x as 1/␥ is increased. To understand this behavior let us assume ⑀Ӷ1, under which ͑4.9͒ gives
Shallow quenching
in agreement with ͑3.16͒. For very shallow quenching ⑀Ӷ␥ the viscoelastic effect can be neglected, so that the peak position is x m Х⑀/2 and the maximum of R is R m Х⑀ 2 /4 as in the usual case. However, for ␥Ӷ⑀Ӷ1, the x-dependence in the denominator of ͑4.19͒ is crucial and
from which the peak wave number and the maximum growth rate are obtained as
respectively, in the original units. The growth rate is much smaller than 1/. Remarkably, the peak wave number and the maximum growth rate are reduced by (␥/⑀) 1/4 and ␥/⑀, respectively, for ⑀ӷ␥ due to the viscoelastic effect.
In this shallow quenching case the kinetic coefficient in the diffusive equation for ␦ may be interpreted to be modified as
as already discussed in ͑3.14͒. This q-dependence is very large in highly entangled cases. Interestingly, the viscoelastic effect can be strong even when the growth is much slower than .
Intermediate quenching
When ⑀ is smaller than 1 and satisfies 1Ϫ⑀ӷ␥ 1/3 and ⑀ӷ␥, we shall see x m Х͓␥⑀/͑1Ϫ⑀͔͒ 
, ⌫ m ϭ⑀/͑1Ϫ⑀ ͒.
͑4.24͒
The x m and R m increase as ⑀ approaches to 1. Particularly for ͉1Ϫ⑀͉Ӷ␥
1/3
, we may set ⑀ϭ1 in solving ͑4.9͒ to obtain x m Х␥ 1/3 and R m Х␥ 2/3 . Thus, we find at ⑀ϭ1
In Fig. 5 we display R versus at ⑀ϭ1 for various ␥.
Deep quenching
As will be shown in the Appendix, when ⑀ slightly exceeds 1 or ⑀Ϫ1ӷ␥ 1/3 more precisely, the system undergoes spinodal decomposition as a gel in the early stage, where in accord with ͑3.19͒ we obtain RХ͑⑀Ϫ1Ϫx ͒x.
͑4.26͒
Therefore x m Х(⑀Ϫ1)/2 and R m Х(⑀Ϫ1) 2 /4, so that
͑4.27͒
We may consider only the growth in the region xϽ⑀Ϫ1 because the growth in the region ⑀Ϫ1ϽxϽ⑀ is very small and negligible for ␥Ӷ1. We notice that ⌫ m soon exceeds 1/ for ⑀Ϫ1Ͼ2␥ 1/2 . In systems with very long , therefore, the spinodal point, which is ⑀ϭ0 as long as Ͻϱ, will appear to be shifted to the gel spinodal point ⑀ϭ1 attained in the limit ϭϱ.
51 Figure 6 shows R versus x for various ⑀ at 1/␥ϭ10 3 . We can see that the growth rate increases abruptly in the region xՇ⑀Ϫ1 once we are in the gel regime ⑀Ϫ1Ͼ␥ 1/3 . Of course in very late stages (tӷ) the system should behave as a fluid, whereas in gels phase separation is stopped or frozen at a particular stage. We here remark that spinodal decomposition in gels has not yet attracted enough attention. 51, 52 We may also mention analogous phase separation behavior in solid binary alloys with elastic misfits, 53 where softer regions are more easily deformed anisotropically than harder regions.
V. SUMMARY AND REMARKS
The results of Sections II and III are in essence contained in Refs. 15 and 16. We stress that the parameter ␣ representing the strength of the dynamical coupling arises from the asymmetry in the friction coefficients and the polymerization indices as in ͑2.16͒ for blends. Muller et al. 13 used a blend in which the two polymers have nearly the same polymerization indices, but they seem to have different friction coefficients giving rise to the dynamical coupling. More systematic experiments are very desirable on asymmetric blends, for example, blends in which one component is close to its glass transition as in Ref. 28 . The results of Section IV are obtained by straightforward calculations on the basis of the equations in Section III. We have found that early stage behavior in spinodal decomposition sensitively depends on the dimensionless quench depth ⑀ defined by ͑4.5͒. To perform experiments in which ⑀ is controlled and nucleation is avoided, it is desirable to choose a blend near its critical point which is asymmetric and highly viscoelastic. The viscoelastic effects in late stage phase separation processes are also of great interest as exemplified in Refs. 27 and 28. Numerical simulations are useful to gain insights in this direction. 29 In this paper we have neglected nucleation expected in the metastable temperature and composition region. The droplet growth should be strongly slowed down by viscoelasticity if the droplet radius R is smaller than the viscoelastic length ve . 54 The effect cannot be neglected in particular when the critical radius R c is smaller than ve . Such effects will be examined in future work.
Note added: We would like to thank the referee for bringing to our attention a very recent paper treating early stage spinodal decomposition in viscoelastic fluids by Kumaran and Fredrickson. 55 It starts with dynamic equations for the composition, the stress field, and the velocity field. However, they are very different from ours; in particular, the dynamic coupling term (ϰٌ• J ) in ͑2.12͒ or ͑2.15͒ is neglected, thus leading to different predictions.
APPENDIX
From ͑4.9͒ the dimensionless growth rate R is obtained in the form,
with
where ⑀,␥, and x are defined in Section IV and ␦ϭ⑀Ϫ1. By setting dR/dxϭ0 we obtain the equation for xϭx m ,
Further we assume xӶ⑀ and replace ⑀Ϫ2x and ⑀Ϫx by ⑀ to obtain
First, for ␦ϭ0 (⑀ϭ1), ͑A4͒ is solved to give
which leads to ͑4.25͒. We can check that the relation xХ␥ 1/3 holds for ͉␦͉Ӷ␥ 1/3 . Second, if ␦ӷ␥ 1/3 , the last two terms of ͑A4͒ are small and xХ␦/2. ͑A6͒
In this case we may set ␥ϭ0 in ͑A1͒ and obtain ͑4.26͒ from F 1 (x)Ͻ0 in the region xϽ␦. Third, if ␦Ͻ0 and ͉␦͉ӷ␥ 1/3 , we may assume x ϰ ␥ 1/2 in ͑A4͒ to obtain ͑4.23͒. In estimating the maximum R m we use the first line of ͑A1͒ for the gel case ␦ӷ␥ 1/3 and the second line for the other cases. In ͑3.14͒ or ͑4.22͒ the effective kinetic coefficient in the shallow quench case is shown. Generally, it is obtained from the second line of ͑A1͒ in the form,
which reduces to ͑4.22͒ for ⑀ Ӷ 1, ␥ Ӷ 1, and x Ӷ 1.
